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Pliocene warmingIn this study we present a late Miocene–early Pliocene record of sixty-four zones with prominent losses in
the magnetic susceptibility signal, taken on a sediment drift (ODP Site 1095) on the Paciﬁc continental rise of
the West Antarctic Peninsula. The zones are comparable in shape and magnitude and occur commonly at
glacial-to-interglacial transitions. High resolution records of organic matter, magnetic susceptibility and clay
mineral composition from early Pliocene intervals demonstrate that neither dilution effects nor provenance
changes of the sediments have caused the magnetic susceptibility losses. Instead, reductive dissolution of
magnetite under suboxic conditions seems to be the most likely explanation. We propose that during the
deglaciation exceptionally high organic ﬂuxes in combination with weak bottom water currents and
prominent sediment draping diatom ooze layers produced temporary suboxic conditions in the uppermost
sediments. It is remarkable that synsedimentary suboxic conditions can be observed in one of the best
ventilated open ocean regions of the World.
© 2009 Elsevier B.V. All rights reserved.
Antarctic Peninsula1. Introduction
The latest Miocene–early Pliocene is thought to be a period of warm
climate conditions in the Southern Ocean (Kennett and Hodell, 1995),
which is consistent with a globally enhanced primary productivity
(Dickens andOwen,1999;Diester-Haass et al., 2005; Farrell et al., 1995).
Changes in global climate and ocean circulation systems led to an
important transition in global nutrient cycling, which left an imprint on
opal deposition records in marine sediments. Causes for this late
Neogene global change are currently under debate for major tectonic,
oceanographic and cryosphere events (closure of the Isthmus of
Panama, the establishment of the modern thermohaline circulation,
the evolution of the Northern Hemisphere ice sheet, and the
development of the West Antarctic Ice Sheet=WAIS; Cortese et al.,
2004; Haug and Tiedemann, 1998; Kennett and Barker, 1990; Knorr and
Lohmann, 2003). These events altered the strength and ﬂow directions
within the global circulation pattern, and also affected the meridional
partitioning of nutrients, essential to opal-producing organisms. The
global evidence for enhanced primary productivity and accumulation ofx: +49 421 218 65810.
ll rights reserved.biogenic components in the sediment during the latest Miocene–early
Pliocenehas been coined the ‘biogenic bloom’ hypothesis (Cortese et al.,
2004; Dickens and Owen, 1999; Diester-Haass et al., 2005; Farrell et al.,
1995; Hermoyian and Owen, 2001).
Ice has been present on Antarctica since the Eocene/Oligocene
transition (Zachos et al., 2001). Since the late Miocene (∼10Ma)West
Antarctica has been covered by a waxing and waning ice sheet that
periodically extended to the shelf edge (Kennett and Hodell, 1995).
The sedimentary response to Antarctic Peninsula Ice Sheet (APIS)
dynamics and changes in the regional oceanographic realm during the
latest Miocene–early Pliocene warming phase is well documented in
distal records from the Paciﬁc continental rise off the Antarctic
Peninsula (Barker and Camerlenghi, 2002; Pudsey, 2002). Such
changes, especially enhanced primary productivity and accumulation
of biogenic components, are reﬂected in paleoenvironmental proxies,
e.g. the magnetic signal in the sedimentary record.
Prominent losses of the magnetic susceptibility signal have been
reported in studies of the South Atlantic (Funk et al., 2004a; ODP Leg
165 Shipboard Scientiﬁc Party, 1997), the western South Atlantic
(Garming et al., 2005; Hensen et al., 2003; Riedinger et al., 2005), the
North Paciﬁc (Dickens and Owen, 1996; Karlin, 1990; Novosel et al.,
2005; Weeks et al., 1995), the Southwest Paciﬁc (ODP Leg 181
Shipboard Scientiﬁc Party, 1999), the East Antarctic continental
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(Brachfeld et al., 2002a,b; Hepp et al., 2006; Sagnotti et al., 2001).
The loss of the magnetic susceptibility signal may have a variety of
reasons and characteristics, e.g. sedimentary processes like dilution
effects (Diekmann et al., 2000), changes in provenance of the source
material and composition of the supplied sediments (Brachfeld et al.,
2002a; Hillenbrand and Ehrmann, 2002, 2005; Lucchi et al., 2002b;
Sagnotti et al., 2001), or, post-depositional magnetite dissolution
driven either by dissimilatory iron reduction (Funk et al., 2004a;
Passier et al., 1999; Thomson et al., 1998) or by hydrogen sulﬁde
produced during the anaerobic oxidation of methane (Hensen et al.,
2003; Kasten et al., 2003; Riedinger et al., 2005).
In our sedimentary and oceanographic study on ODP Site 1095
(Paciﬁc continental margin of the Antarctic Peninsula) we have
compiled a new late Miocene–early Pliocene record of repeated
magnetic susceptibility losses to (1) give an explanation of their
origin, (2) outline the mode and the impact of a high dynamic APIS on
primary productivity and bottom water ventilation, and (3) discuss
the imprint of global climate signals on our Antarctic Peninsula record.
We analyzed three shorter Pliocene sequences across zones
with prominent losses of the magnetic susceptibility signal
(171.50–163.50, 124.50–117.50, and 107.50–101.50 meter compos-
ite depth=mcd). In more detail we present the pattern across the
interval 107.50–101.50 mcd.
2. Regional setting
The Paciﬁc continental margin of the Antarctic Peninsula is part of a
complex glacial sedimentary system. The system comprises lobes and
troughs on the outer shelf, a steep slope, and deep-sea channelsFig. 1. Drawing of the Paciﬁc continental margin off the Antarctic Peninsula. The map shows
(3) an steep slope, (4) deep-sea channels, (5) a series of sediment drifts on the continental ri
supposed ice stream pathways. The dark arrows show possible pathways of gravity ﬂows andseparatinga series of twelve sedimentarydrifts on theupper continental
rise (Fig. 1; Pudsey and Camerlenghi, 1998; Rebesco et al., 2002;
Uenzelmann-Neben, 2006). The channel system is maintained by the
interplay of downslope turbidity currents and South-West ﬂowing
along-slope bottom currents (Hillenbrand et al., 2008; Pudsey and
Camerlenghi, 1998). Drift 7 is one of the largest sediment mounds
located west of the Antarctic Peninsula. Its asymmetrical shape, with a
gentle North-East side and a steep South-West side, is similar to other
sediment drifts in this area. The late Miocene–early Pliocene drift build-
upwas dominated by glacially driven turbidity currents and interglacial
pelagic settling (Hepp et al., 2006; Pudsey, 2002; Uenzelmann-Neben,
2006). The distal part of Drift 7 was drilled during Ocean Drilling
Program (ODP) Leg 178 (ODP Leg 178 Shipboard Scientiﬁc Party, 1999)
and SEDANO projects (Lucchi et al., 2002a,b; Sagnotti et al., 2001). The
ODP Site 1095 sediment cores represent a continuous proximal marine
sedimentary record of APIS dynamics from late Miocene to Holocene
(∼10 Ma; Fig. 2).
3. Methods
The applied methods can be summarized as a combined
sedimentological and geochemical approach. We re-opened all
relevant cores of ODP Site 1095 for re-description and sedimentolog-
ical analyses of glacial and interglacial variability and occurrences of
diatom oozes, ice rafted debris (IRD) and silt layers. We analyzed a
suite of sedimentological, geophysical and geochemical parameters,
which are already presented in Hepp et al. (2006), and present new
IRD gravel counts, magnetic susceptibility, X-ray ﬂuorescence spec-
trometry (XRF), clay mineral, biogenic silica (BSiO2) and total organic
carbon (TOC) data.a glacial driven sediment feeder system of (1) lobes and (2) troughs on the outer shelf,
se, and the location of ODP Site 1095 on the distal part of Drift 7. The light arrows marks
overbank ‘turbidity’ currents (modiﬁed after Lucchi et al., 2002a; Rebesco et al., 2002).
Fig. 2. Schematic representation of core ODP Site 1095 (0–556.28 mcd), the 64 MSMZs
(382.97–79.35 mcd; ‘bar code’) and present positions of Fe2+/Fe3+-redox boundary
(45.34–46.19mcd). The biogenic opal (BSiO2; Hillenbrand and Fütterer, 2002) indicates
the biological productivity since late Miocene. The composite depth scale is given in
Barker (2002). The linear interpolated age model is based on magnetostratigraphic–
biochronologic tie-points given in Acton et al. (2002) and Iwai et al. (2002).
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10 cm grid; Fig. 3b) were counted and mapped on the basis of X-ray
core images. The digital X-ray images were made from selected core
sections using medical ‘Fluorospot compact’ equipment for
radiography.
Magnetic susceptibility (κ; Fig. 3c) wasmeasured with a shipboard
whole-coremultisensor core logger during ODP Leg 178 (ODP Leg 178
Shipboard Scientiﬁc Party, 1999). This fast, high-resolution measuring
method allowed a ﬁrsthand identiﬁcation and mapping of zones with
a loss in the magnetic susceptibility signal (Hepp et al., 2006). New
single measurements (κdistinct; Fig. 3d) on forty samples from core
section 107.5–101.5mcdwere carried out with a ‘KappaBridge KL Y-2’
at University of Bremen. The κdistinct were determined for the total
sample and the ﬁne fraction (<63 µm). The values for the coarse
fraction were calculated by subtracting the ﬁne fraction from total
sample values. In addition we performed low-temperature magnetic
measurements (thermal demagnetization of a 5-T low-temperature
remanence) after ﬁeld (FC) and zero-ﬁeld cooling (ZFC) and high-
ﬁeld (7 T) magnetic hysteresis loops at room temperature on a subset
of six samples. The measurements were performed on a ‘Quantum
Design MPMS XL-7’ at University of Bremen.
A suite of elements, e.g.manganese (Fig. 3e), iron (Fig. 3f, AppendixA),
titanium and barium (Fig. 3k), were quantitatively analyzed (intervals
171.5–163.5, 124.5–117.5, and 107.5–101.5 mcd) at the Bremen IODP
Core Repository using an ‘AvaaTech XRF scanner’. Single XRF measure-
ments on molten sub-samples were conducted to convert the XRF
scanner counts to calibrated weight % data by means of a simple linear
regression. We point out that this attempt neglects the constant-sumconstraint on concentrations. In view of this problem, XRF core-scanner
data arewidely regarded as semi-quantitative only (Weltje and Tjallingii,
2008). The conservative element aluminum was used to estimate the
biogenic barium (Babio) fraction by subtracting the concentration of
terrigenous barium from the total barium concentration (Dymond et al.,
1992)with a Ba/Alaluminosilicate ratio of 0.0048 as deﬁned by Pudsey (2000,
core 106).
We analyzed ten samples from core section (107.5–101.5 mcd)
using the standard X-ray diffraction analysis (XRD) combined with a
quantiﬁcation method of mineral phases based on the full-pattern
method QUAX (Vogt et al., 2002). The derived absolute clay mineral
concentrations are of high precision (Vogt et al., 2002), but not directly
comparable to relative claymineral percentages bymeans of empirical
factors (Biscaye, 1965).
The biogenic opal content shown in Figs. 2 and 7d was adapted
from Hillenbrand and Fütterer (2002). We reﬁned the opal data set by
50 additional biogenic silica analyzes (Fig. 3h) from core section 107.5
to 101.5 mcd to document the opal variability at the terminations and
to differentiate the opal content of turbidity and hemipelagic
sediments. The homogenized dry bulk samples were analyzed using
an automated leaching technique after Müller and Schneider (1993).
Total organic carbon data (Fig. 7e) were provided by Wolf-Welling
et al. (2002). Forty additional TOC data points (Fig. 3i) and total sulfur
content (Fig. 3j) were used for the interpretation on short time-scales.
The TOC and sulfur measurements were carried out using a ‘LECO CS-
125 analyzer’. Core depth follows the ODP nomenclature and is given
in revised mcd (Barker, 2002).
We used near surface porosity values based on shipboard index
samples for de-compaction and reconstruction of the original deposi-
tional interval lengthof zoneswithmagnetic susceptibility loss following
Terzaghi's compaction theory (Azizi, 2000, p. 170, equ. 4.1; Fig. 7b). To
overcome the high glacial and interglacial scatter in Fe/κ (Fig. 7c) and
total organic carbon (Fig. 7e) data, moving average and Hilbert trans-
forms were applied for a better visualization of the long-term trends.
4. Results and discussion
4.1. Identiﬁcation of magnetic susceptibility minima zones
We report on the identiﬁcation of sixty-four zones with prominent
losses of the magnetic susceptibility signal, which are comparable in
shape, magnitude and value. These zones, in the following referred to as
magnetic susceptibilityminima zones (MSMZ), are characterized by aU-
shaped minimum of about one order of magnitude in magnetic
susceptibility (MSMZ average of 38 10−5 SI versus total magnetic
susceptibility average of 315 10−5 SI) and a lack of variance in the
bottom part. For our analysis U-shaped, ﬂat based magnetic suscepti-
bility zones with values less than 100⁎10−5SI were classiﬁed asMSMZ.
Comparable lateMiocene zoneswith a loss in themagnetic susceptibility
signal are presented but not further discussed by Pudsey (2002, Fig. 8).
MSMZ occur in ODP Site 1095 data between 79.35mcd (∼3.17Ma)
and 382.97 mcd (∼8.49 Ma; Fig. 2). The 300 m long core sequence
represents a period of ∼5 my, from late Miocene to early Pliocene. The
upper termination of the MSMZ interval is very well deﬁned in a late
Pliocene core section of excellent quality. Below 382.97mcd increased
sediment compaction and alteration of biogenic opal-A to opal-CT or
cryptocrystalline quartz (Volpi et al., 2003) led to a decrease in core
quality that prevented the mapping of MSMZs with simple threshold
criteria.
4.2. Magnetic susceptibility minima zones on the scale of glacial cycles
Fig. 3 shows a combination of lithological, geophysical and geo-
chemical data from ODP Site 1095 core interval between 107.50 and
101.50 mcd (Overview data for the other two sections are given in
Appendix A). The interval consists of clayey laminated silt layer-rich
Fig. 3. Example of a MSMZ (105.28 and 104.48 mcd) in the context of a complete glacial–interglacial cycle (107.50 and 101.50 mcd, ODP Leg 178 Site 1095B-3H4 to 4H1): (a) absolute
position of silt layers, (b) number of IRD gravel (>1 cm/10-cm grid),magnetic susceptibility (κ) from (c) shipboard logging data and (d) singlemeasurements (light shading=grain-size
coarse fraction>63µm, dark shading=grain-sizeﬁne fraction<63µm), (e)Mn/Ti ratio and (f) Fe/Ti ratio fromX-ray ﬂuorescence spectrometry (XRF) logging, (g) normalized Fe/κ ratio,
(h) biogenic silica (opal), (i) total organic carbon and (j) total sulfur from single samples, and (k) biogenic barium fromXRF logging (Open circles= samples fromhemipelagic sediments,
solid circles = samples from silt layers (<63 µm), dark bar = diatom ooze layer, shaded area = MSMZ, dashed lines = boundaries of glacial stages, arrows = as given in the text).
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Fig. 4. The diagram shows the (a) paramagnetic and (b) non-paramagnetic magnetic
susceptibility fraction deduced from magnetic hysteresis loops given in Appendix C.
While paramagnetic susceptibility shows virtually no variation across the glacial–
interglacial interval the non-paramagnetic susceptibility is signiﬁcantly reduced during
the MSMZ (Solid circles = samples from glacial intervals, grey circles = samples from
interglacial interval, open circles = samples from MSMZ, shaded area).
202 D.A. Hepp et al. / Marine Geology 266 (2009) 198–211and silt layer free intervals (Fig. 3a) with high diatom abundance of up
to 30% (ODP Leg 178 Shipboard Scientiﬁc Party, 1999) and IRD in the
silt layer-free parts (Fig. 3b). These sedimentation patterns are
thought to reﬂect a full glacial–interglacial cycle with characteristic
transitions at 104.72 and 102.62 mcd (Hepp et al., 2006). Glacial-to-
interglacial transitions are diffuse and characterized by a gradual
change in physical and geochemical sediment parameters. Intergla-
cial-to-glacial transitions are characterized by a sharp lithologic
boundary. MSMZs are coupled to the glacial–interglacial cyclicity
and consistently occur at glacial terminations (Hepp et al., 2006;
Pudsey, 2002).
Magnetic susceptibility measurements of single samples contain-
ing hemipelagic sediment, silt layers or IRD (Fig. 3d), from above and
below the MSMZ, clearly show that the magnetic susceptibility of
samples with silt layers (solid circles; average 600 10−5 SI) is about
three times higher than of samples without silt layers (open circles;
average 200 10−5 SI). High total magnetic susceptibility is noticed in
the lower part of the IRD dominated sections (between 104.30 and
103.66 mcd, Fig. 3c). The loss of magnetic susceptibility in the MSMZ
is observed in samples with and samples without silt layers,
independent of changes in grain-size (Fig. 3d, small arrows). Within
the upper part of the MSMZ, coarse fraction samples (coarse sand and
gravel) with lithic fragments from IRD preserved their singular
magnetic signal (Fig. 3d, large arrow). Neither the lower nor the upper
boundary of the MSMZ coincide with changes in silt layer occurrence
or IRD supply in all grain-size fractions: (1) turbidity silt layers are
continuous across the sharp onset of the MSMZ, (2) the recovery of
the magnetic signal in the ﬁne fraction marks the end of the MSMZ
during the onset of an episode of massive IRD gravel supply. However,
we conclude that mineral- and grain-size selective processes, largely
independent from changes in the lithogenic inﬂux, modiﬁed the
magnetic susceptibility signal.
To understand the MSMZ in the context of the full glacial–
interglacial cycle, we compared the magnetic susceptibility signal
with lithological and geochemical changes in the sedimentary record.
Based on a previous Pliocene study (Hepp et al., 2006) and new data
(Fig. 3, Appendix A) the following four sedimentary units emerge:
(Unit 1) Graded silt layers (mode 30 µm) with an erosive base
(Fig. 3a) are the carriers of the highest magnetic susceptibility signal
(Fig. 3d, solid circles). IRD gravels are not present (Fig. 3b). The clay
mineral composition is dominated by illite and elevated chlorite
concentrations in Pliocene (Appendix B; Hillenbrand and Ehrmann,
2002) and Pleistocene and Holocene (Lucchi and Rebesco, 2007; Lucchi
et al., 2002b) core sections. The amount of total organic carbon and
sulfur is increased. This unit is interpreted as glacial. Grounded ice
extended to the shelf edge and recurring turbidity events transported
glacially eroded terrigenous material onto Drift 7 as graded silt layers
(mode 30 µm) with an erosive base (Fig. 3a). High terrestrial ﬂuxes
increased the overall sedimentation rate and led to an improved total
organic carbon burial efﬁciency (Fig. 3i). Comparable low biogenic
barium records (Fig. 3k) in the glacial sequences reﬂect a terrigenous
dominated sedimentation regime.
(Unit 2) The lower boundary of the MSMZ (105.38 mcd, Fig. 3c) is
not accompanied by an abrupt lithological change. Silt layer frequency
(Fig. 3a), sedimentation rate and Fe/Ti ratio (Fig. 3f, arrow) decrease
gradually. Concurrently the opal accumulation increases of about 12%
(Fig. 3h, arrow). This unit is interpreted to be deposited during
deglaciation. During deglaciation the frequency of ice advances to the
shelf edge decreased leading to a reduced terrigenous input. Expanded
open sea conditions lead to an increase in primary bioproduction (Fig.
3h). Some minor lithological changes occur, as documented by gradual
shifts in illite and chlorite concentration (Appendix B). A change in the
paramagnetic mineral content is expressed by an increase in magnetic
susceptibility of about 5 10−9m2/kg (Fig. 4). In contrast the sharp lower
boundary of the MSMZ (105.38 mcd, Fig. 3c) is independent from the
observed gradual glacial-to-interglacial lithological shifts (Appendix B)but accompaniedby a prominent drop in the non-paramagneticmineral
concentrations, documented by a decrease inmagnetic susceptibility of
∼2 10−2 m2/kg (Fig. 4).
(Unit 3) The end of the deglaciation is characterized by a cessation
of turbidite events (Fig. 3a) and the simultaneous onset of massive
IRD gravel input (Fig. 3b). This unit, in the following termed collapse
of the regional ice sheet (ISC), represents the time when excessive ice
of the preceding glacial rapidly melts down and the ice sheet retreats
from the shelf. Coarse lithic fragments of the IRD (Fig. 3b) suppress the
MSMZ characteristics in the uppermost part. The massive occurrence
and good preservation indicate deposition from the water column
without reworking, bottom transport or bioturbation. The top of the
diatom ooze layer marks the upper boundary of the MSMZ in the ﬁne
fraction (Fig. 3d, open circles; Fig. 5a).
(Unit 4) High BSiO2 (Fig. 3h) and biogenic barium values (Fig. 3k),
common IRD input (Fig. 3b) and the absence of silt layers (Fig. 3a) on
the drift are interpreted as full interglacials with a retracted ice sheet
that does not reach the shelf edge. Bioturbation and poor organic
matter preservation reﬂect lower hemipelagic sedimentation rates.
The clay mineral composition is dominated by illite and reduced
chlorite concentrations (Appendix B). Paramagnetic mineral concen-
trations stay stable whereas non-paramagnetic mineral concentra-
tions recover after the severe drop during deglaciation (Fig. 4). The re-
advance of the grounded ice sheet at interglacial-to-glacial transitions
re-initiates frequent turbidites associated with increased sedimenta-
tion rates, improved preservation of organic material and an abrupt
cessation of IRD supply to the drift.
Fig. 5. Three examples for diatom ooze layers at the glacial–interglacial transition: (a) 104.30 mcd, (b) 138.67 mcd, and (c) 160.41 mcd. The diatom ooze layers occur above MSMZ
and mark the end of deglaciation. The images give an impression about the appearance of the diatom ooze layers in the sediment core.
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To identify possible MSMZ triggers like dilution effects, changes in
provenance or early diagenesis processes we analyzed magnetic
susceptibility, clay mineral composition and organic ﬂuxes across a
glacial–interglacial transition.
The lower part of the MSMZ is associated with an increase in
diamagnetic BSiO2 (Fig. 3h, arrow) by a factor of 3 and a slight decrease
in Fe/Ti ratio (Fig. 3f). Those changes are, however, insufﬁcient to
explain the abrupt drop in magnetic susceptibility by one order of
magnitude. Dilution effects by diamagnetic and paramagnetic sediment
compounds can be further ruled out since high opal contents continue
across the upper boundary of the MSMZ. The independence of MSMZ
from sedimentary dilution effects is further conﬁrmed by the Fe/κ ratio
(Fig. 3g) introduced by Funk et al. (2004a,b). Increased Fe/k ratios
highlight sediment intervals which have been affected by early dia-
genetic iron/magnetite reduction producing distinct losses in magnetic
susceptibility while the total concentration of solid-phase iron stays
constant. Signs of a possiblediagenetic imprint are further seen in strong
enrichments of redox sensitive elements like iron and manganese in
the upper part of the MSMZ (Fig. 3e,f, large peaks at 104.30 mcd,
Appendix A) and in the asynchrony of biogenic barium and BSiO2 rise
(Fig. 3k, arrow). Diatom concentrations and biogenic barium are
commonly synchronous in Holocene and Pleistocene sections that lack
MSMZs (Hillenbrand and Fütterer, 2002; Pudsey, 2000).
Low-temperaturemagnetic measurements and high-ﬁeldmagnet-
ic hysteresis loops on samples across a glacial cycle were performed to
detect the type of magnetic mineral species and possible provenance
changes. All samples show a drop in remanence intensity at
temperatures ranging from 114 to 122 K (Appendix C) indicating the
presence of nearly stoichiometric magnetite. Magnetite with cubic
symmetry at room temperature shows a change to monoclinic
symmetry below a temperature of 120 K. This phase transition is
accompanied by higher remanent magnetizations towards lower
temperatures. Deduced from these FC measurements, there is no
indication for other remanence carrying minerals, e.g. monoclinic
ferrimagnetic pyrrhotite (Fe7S8), characterized by a low-temperature
transition at 34 K. Also no evidence for the presence of hematite
(Fe2O3) was found. Hematite undergoes a discontinuity in magnetic
properties at around −15 °C showing higher remanences above this
temperature (Liebermann and Banerjee, 1971). Greigite (Fe3S4),
however, does not exhibit a phase transition in the mentioned
temperature range and thusmeasurements of themagnetic hysteresis
at room temperature and peak ﬁeld strengths of 7 T were carried out.
Data from low-temperature demagnetization of a remanence
acquired at 5 K after cooling in a 5 T magnetic ﬁeld (FC) across one
glacial–interglacial cycle show a dramatically reduced relativeamount of almost non-stoichiometric magnetite of stable single
domain grain-size in the MSMZ (Appendix C). Our measurements
prove that magnetite of variable grain-size is present in all samples
investigated without evidence for signiﬁcant amounts of other mag-
netic minerals.
Zero-ﬁeld heating of a remanence acquired at 5 K after cooling in
a 5 T magnetic ﬁeld after zero-ﬁeld cooling (ZFC) and FC showed
that in samples from glacial and interglacial intervals below and
above the MSMZ (106.177, 105.557, 103.3 and 102.22 mcd), the FC
curves are lower than the respective ZFC curves (Appendix C). This
was observed for several natural and synthetic magnetite samples
and seems to be typical of multidomain magnetite larger than ∼10–
14 µm (Brachfeld et al., 2002b). In contrast, samples from the MSMZ
(104.782 and 104.657 mcd) demonstrate higher FC than ZFC curves
pointing to magnetite particles of smaller average grain-sizes. This
supports the results of the hysteresis measurements (Appendix C)
giving higher remanence to saturation magnetization (MRS/MS)
ratios of ∼0.12 and coercive ﬁeld (HC) values for the MSMZ samples,
again indicating smaller grain sizes (Day et al., 1977). In general,
magnetic hysterisis loops provide no evidence for the presence of
greigite. High MRS/MS ratios of ∼0.5 are typical for greigite (Roberts,
1995) in contrast to the much lower ratios determined in the
present study.
The MSMZ lost most of its magnetite (up to 99% of the non-
paramagnetic susceptibility, Appendix C) in all grain-size ranges. How-
ever, some (normally less resistant) small particles in the MSMZ must
have been protected from reductive dissolution. Plausible mechanisms
for protection are the inclusion of small magnetite particleswithin lithic
fragments (Talarico et al., 2003) or within volcanic glass (Heider et al.,
1993) or cloudy feldspar (Hounslow and Maher, 1995).
In addition to the ﬁndings from magnetic analysis we found no
signiﬁcant change in clay mineral composition (Appendix B). In
general, illite dominates, whereas smectite and kaolinite are insignif-
icant and below 10 wt.%. Corresponding to ﬁndings by Hillenbrand
and Ehrmann (2002) the chlorite concentration is enhanced in
glacials. Small variations in clay mineral concentration in the middle
of the MSMZ are unrelated to the lower and upper boundary of the
MSMZ.
In summary, the FC, ZFC, hysteresismeasurements and claymineral
measurements demonstrate that the reduced signal of magnetic
susceptibility is related to the decreased concentration of magneto-
minerals rather than to a dilution effect or a change in provenance of
the sourcematerial causing signiﬁcant changes in themagnetic or clay
mineral assemblage. The decreased overall magnetic susceptibility in
theMSMZbetween105.38 and104.44mcd (Fig. 3) is best explained by
an early diagenetic process of sufﬁcient strength and duration to
dissolve small as well as large magnetite grains.
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signals and the interpretation of proxies in sediments. After their
deposition marine sediments are subject to a variety of geochemical
and microbiological processes. The re-mineralization of sedimenta-
ry organic matter plays a key role in many of these processes.
Degradation of organic matter at suboxic, sulﬁdic or methanic levels
is accompanied by a gradual dissolution of primary ferro-magnetic
iron minerals. This gradual, mineral- and grain-size selective
process makes rock magnetic parameters, particularly those related
to concentration (e.g. magnetic susceptibility), a sensitive measure
for diagenetic intensity (Funk et al., 2004a,b). The degree of demag-
netization is proportional to the amount of mineralized organic
material (Funk et al., 2004a). Many examples of iron reduction
events induced by the degradation of organic matter have been
discussed in the study of Funk et al. (2004b) as part of their
examination of Pleistocene equatorial Atlantic sediment cores.
Increased glacial organic carbon ﬂuxes led to similar losses in the
magnetic susceptibilty signal. Diagenetic redistributions of redox-
sensitive elements in otherwise well-ventilated open oceanic
conditions are also known from organic-rich turbidite deposits in
the Madeira abyssal plain (Thomson et al., 1998).
4.4. Pliocene magnetic susceptibility minima zones versus
Pleistocene–Holocene magnetic anomalies
Studies on late Pleistocene–Holocene sedimentary sequencesofDrift
7 suggest scenarios of glacial environmental conditionswith an absence
of bioturbation, general low organic carbon content (Lucchi and
Rebesco, 2007; Sagnotti et al., 2001) and repeated sediment magnetic
anomalies (Sagnotti et al., 2001). Those scenarios seem to oppose our
early Pliocene scenario based on the diagenetic alteration of the
magnetic susceptibility signal in response to high paleoproductivity.
The comparison of SEDANO cores (Sagnotti et al., 2001) and late
Pleistocene core sections of ODP Site 1095 (Appendix A) with our
analyzed Pliocene intervals suggests fundamental differences in the
degree of the diminishment of magnetic susceptibility and the occur-
rence of intermittent magnetic mineral phases. The Pleistocene and
Holocene magnetic susceptibility record at ODP Site 1095 (Appendix
A) shows no signiﬁcant reductions related to glacial and interglacial
transitions. The early Pliocene MSMZs occur only during the degla-
ciation, whereas the Pleistocene magnetic anomalies presented by
Sagnotti et al. (2001) occur through the entire marine isotope stages
(MIS) 7 to 2). Magnetite is the dominant carrier of the Pliocene
magnetic susceptibility signal (Appendix C) and overall high organic
ﬂuxes prevented the preservation of pyrrhotite. In contrast, Sagnotti
et al. (2001) found indications for the presence of greigite or
pyrrhotite in late Pleistocene Drift 7 sediments. The proposed glacial,
sea ice dominated scenarios of Sagnotti et al. (2001) and Lucchi and
Rebesco (2007) point to different diagenetic processes coupled to
different environmental scenarios, which are not applicable for the
early Pliocene drift setting.
Florindo et al. (2003) presented another possible reason for mag-
netic susceptibility losses. They proposed that magnetite is unstable
under conditions of elevated dissolved silica concentrations and
predict that magnetite will be dissolved to produce iron-bearing
smectite. In Pliocene core sections of ODP Site 1095 the dissolved
silica concentration corresponds to the opal concentration in the
sediment (Fig. 7d), which is not elevated during MSMZ only (Fig. 3h).
On the other hand in the MSMZs, analysed in this study, we did
not found indications for a signiﬁcant enhancement of smectite
formation (Appendix B). This is not surprising due to the low magne-
tite contents.
However, the analyzed glacially triggered Pliocene MSMZs are
strongly linked to short-term changes in organic matter ﬂuxes,
which likely prevent the establishment of equilibrium conditions.
Other aspects regarding the upper boundary of the MSMZ areaddressed in the following scenario that attempts to bind the
suggested succession of diagenetic processes into a reﬁned concep-
tual model integrating oceanographic-cryospheric and sedimento-
logic aspects.
4.5. Early Pliocene boundary conditions required to produce MSMZ
Diagenesis driven by organic carbon re-mineralization is a com-
plex function of organic matter quality and quantity, sedimentation
rate, intensity of bioturbation, ocean ventilation and deepwater
oxygen content. The Southern Ocean biological pump and coupled
opal and organic carbon deposition are bound to winds, ocean
circulation and sea ice (Anderson et al., 2002). Late Miocene to early
late Pliocene warm climate conditions and a reduction of 22% in sea
ice cover at the continental rise, relative to modern conditions, are
generally accepted for Antarctica (Anderson et al., 2002; Hillenbrand
and Fütterer, 2002;Whitehead et al., 2005). Global ice volume records
by Lear et al. (2000) indicate a strong reduction in overall ice volume
for this time interval. Despite an overall ice volume reduction, the late
Miocene to early late Pliocene ice dynamics increased with frequent
advances of the inland ice sheet to the shelf edge (Barker and
Camerlenghi, 2002).
We speculate that at the end of the deglaciation (Fig. 6), during
times of rapid shelf ice sheet break down, an increased freshwater
discharge, a stratiﬁed water column and fertilization of the ocean by
terrigenous and dust-bound iron could have enhanced export
productivity (Abelmann et al., 2006; Kumar et al., 1995) under sea
ice free conditions. Moreover, stratiﬁcation, nearly stagnant deepwa-
ter conditions and the absence of bioturbation are possible causes for
the preservation of current sensitive diatom oozes on the ﬂank of an
elevated topographic feature like Drift 7. High organic carbon export
rates and reduced bottom water ventilation during the break down of
the shelf ice sheet provided the framework for the development of
suboxic conditions in surface sediments and most likely even for
sulfate reduction ocurring close to the sediment water interface
(Fig. 6).
However, we propose that freshwater pulses as a consequence of
partial collapse of the APIS initiated massive short-term diatom
blooms above the continental rise leading to the deposition of diatom
ooze layers on the sea ﬂoor. The diatom ooze drape sealed off the
underlying sediments (Fig. 6) resulting in the initiation of suboxic
conditions.
4.6. Long-time record of redox events
Diagenetic processes altering magnetic susceptibility signals in ODP
Site 1095 sediments are found to act on long and short time-scales with
changing intensities and frequencies of recurrence. For the period from
8.49 to 3.17 Ma, sixty-four MSMZs were identiﬁed (Figs. 2, 7a). Our
repeated MSMZs are linked to short-term changes over glacial-
interglacial time scale. All zones show similar patterns in demagneti-
zation, shape and magnitude in the magnetic susceptibility signal, and
they are in certain cases accompanied by diatom ooze layers. Twelve
diatom ooze layers between ∼7.7 and 3.8 Ma are clearly related to
MSMZs.
On long time-scales we have to consider that the sulfate-methane-
transition zone which is currently located between 157.97 and
158.50 mcd (SMT; Fig. 7) could have inﬂuenced some of the MSMZs.
The remarkable depth extension of the MSMZ at this depth may be
explained by the long-term ﬁxation of the present SMT (Fig. 7b). This
ﬁxation requires equilibrium conditions between downward sulfate
ﬂux and upward methane ﬂux (e.g. Riedinger et al., 2005) and is
expressed in a linear sulfate proﬁle (ODP Leg 178 Shipboard Scientiﬁc
Party, 1999).
The de-compacted MSMZ interval length in meter is plotted
against age (Fig. 7b). The spatial extent of a MSMZ can be related
Fig. 6.During intense ice sheet collapse, the retreating ice sheet anda largemeltwater lid leads to increased iron fertilization, a short-termdiatombloomand the stratiﬁcationwater column.
Reduced bottom water ventilation and high export productivity foster the preservation a diatom ooze drape on the drift resulting in periodic suboxic conditions in surface sediments.
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magnetic susceptibility, indirectly controlled by the amount of organic
matter input. Comparable trends in this parameter and the diagenesis
intensity proxy of Funk (2004a; Fig. 7c), however, indicate that strong
demagnetization events commonly have a larger diagenesis penetra-
tion depth. Both parameters show some similarities with the export
productivity proxy BSiO2 (Fig. 7d) and the relic preservation of total
organic carbon (TOC; Fig. 7e). The similarities suggest that intensity
and duration of diagenesis are subject to the organic input.
During the Pliocene warming phase the indicators for intensity and
durationof diagenesis, for biogenic input (BSiO2) and for preservationof
organic matter in the sediment (TOC) increase to maximum values
(between 190.0 and 46.0 mcd; 5.6–2.7 Ma). Following this 3 Ma period
of exceptionally high productivity, the late Pliocene saw a gradualFig. 7.MSMZs from ODP Site 1095A and B. The ‘bar code’ and the dotted lines represent the o
Fe2+/Fe3+-redox boundary and the sulfate–methane-transition (SMT), respectively. Curves
relative duration or extent of penetration of the diagenesis event, (c) the Fe/κ ratio as
palaeoproductivity, and (e) total organic carbon as proxy for organic preservation. Core leng
and total organic carbon were smoothed using moving average and Hilbert transformationdecrease of biogenic silica deposition south of the APF. This is observed
in a multitude of sediment records in the Atlantic and Paciﬁc sector of
Southern Ocean and has been used to document the northward shift of
the APF between 3.3 and 2.3 Ma (Hillenbrand and Cortese, 2006).
Synchronous with the decrease of biogenic silica deposition character-
istic MSMZs cease at 79.35 mcd (∼3.17 Ma). This reﬂects the global
cooling trend coupled to the Northern hemisphere glaciation and the
growth of the Antarctic ice sheets.
The global cooling resulted in a reduction of Antarctic ice sheet
dynamics, decreased terrigenous sediment input, a seaward spread of
sea ice and less pronounced ISCs during Antarctic deglaciations. At
3.17 Ma, organic export productivity and sedimentation rates fell
below a threshold level, preventing sulfate reduction to occur at
signiﬁcant rates in subsurface sediments (Figs. 2, 7). Our assumptionccurrence and range of (a) MSMZs. The dashed lines represent the modern positions of
represent (b) the de-compacted interval length of MSMZs as a parameter related to the
an indicator for the intensity of diagenesis, (d) biogenic silica (opal) as proxy for
ths were de-compacted on primary length using factor of porosity. Curves of Fe/κ ratio
s.
Fig. 8. Examples of MSMZ in the context of complete glacial–interglacial cycle (a)
124.50–117.50 mcd and (b) 171.50–163.50 mcd: absolute position of silt layers,
magnetic susceptibility (κ) from shipboard logging data, Mn/Ti ratio and Fe/Ti ratio
from X-ray ﬂuorescence spectrometry (XRF) logging and normalized Fe/κ ratio (Shaded
area=MSMZ). A prominent Mn-peak is not expressed for each core section.
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the Antarctic ice regime contributes to the recent discussion about a
continent-wide change in basal ice conditions about 3 Ma (Rebesco et
al., 2006, see also comment by R. D. Larter, doi:10.1130/G23422C.1,
and reply, doi:10.1130/G23894Y.1; Rebesco and Camerlenghi, 2008).
We speculate that after 3.17 Ma a more vigorous deglacial
Antarctic Bottom Water (AABW) formation resulted in an enhanced
deepwater ventilation and oxygenation, with an overall reduced
organic carbon ﬂux to the seaﬂoor (and/or a reduced preservation)
preventing the development of lasting diatom oozes and temporary
oxygen-reduced conditions.
5. Conclusion
In this study we present a unique late Miocene–early Pliocene
record of sixty-four zones with prominent losses in the magnetic
susceptibility signal (MSMZ). The MSMZs were identiﬁed in the
magnetic susceptibility signal of ODP Site 1095 cores, taken on a
sediment drift on the Paciﬁc continental rise of the Antarctic
Peninsula. The MSMZs, expressed as phases of diminished magnetic
susceptibility, are comparable in their shape andmagnitude and occur
commonly at glacial-to-interglacial transitions.
With detailed analyzes of organic matter, magnetic and clay
mineral compositions we could show that, during early Pliocene times
(and perhaps back to the late Miocene), exceptionally high organic
matter ﬂuxes in combination with weak bottom water currents
produced temporary oxygen-depleted/suboxic conditions in the
uppermost sediments. Other processes like dilution effects or changes
in source and provenance of the sediments are insufﬁcient to produce
the MSMZs.
The ﬁndings for the Pliocene deposits differs clearly from scenarios
proposed for late Pleistocene–Holocene sedimentary sequences of
Drift 7 (Lucchi and Rebesco, 2007; Sagnotti et al., 2001), where
repeated sediment magnetic anomalies occur under glacial environ-
mental conditions. During these times low organic ﬂuxes control the
mixture of magnetite and pyrrhotite.
On long time-scales the MSMZ record reﬂects major trends in
globally paleoceanographic and climatic change and the consequent
variability in primary export production. Theearly Pliocenewas a timeof
global enhanced bioproductivity. Following the Antarctic ice sheet
stabilization, between 3.3 and 2.3 Ma, the ﬂux of organic matter and
sedimentation rates fell below a threshold level preventing the
development of more extensive reducing conditions in near surface
sediments.
Drift 7 is part of the Southern Ocean, which ventilates a large
fraction of the World Ocean, today. It is remarkable that changes in
paleoceanographic boundary conditions could result in temporary
suboxica in open ocean's near surface drift sediments contributing to a
better preservation of magnetite during this period.
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Appendix A
Fig. 9.Magnetic susceptibility data (κ) and normalized Fe/κ ratio of upper Pleistocene to Holocene core sections of ODP Site 1095. We adopted marine isotope stages (MIS) given in
Lucchi et al. (2002a,b) by comparing SED-15 with ODP Site 1095 magnetic susceptibility data.
Fig. 10. Absolute clay mineral concentration across a glacial–interglacial interval (107.5–101.5 mcd). Illite dominates in all lithologic units. Small variations in the clay mineral
compositions, e.g. in the middle of the MSMZ (shaded area), are not related to the onset and termination of the MSMZ (Solid circles = samples from glacial intervals, grey circles =
samples from interglacial interval, open circles= samples fromMSMZ). In contrast to previous studies by Hillenbrand and Ehrmann (2002) and Lucchi et al. (2002a,b), we quantiﬁed
the full-pattern of mineral phases. The derived absolute clay mineral concentrations are of high precision (Vogt et al., 2002), but not directly comparable to relative clay mineral
percentages by means of empirical factors (Biscaye, 1965).
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Fig. 11. Low-temperature demagnetization of a remanence acquired at 5 K after cooling in a 5 T magnetic ﬁeld. All samples from glacial and interglacial intervals (106.177, 105.557,
103.3 and 102.22 mcd) and MSMZ (104.782 and 104.657 mcd) show a drop in remanence intensity at temperatures ranging from 114 to 122 K indicating the presence of nearly
stoichiometric magnetite. The normalized magnetization during MSMZ glacial–interglacial interval is remarkable low, indicating reduced magnetite concentrations.
Appendix C
Fig. 12. Low-temperature demagnetization of a remanence acquired in a magnetic ﬁeld of 5 T at a temperature of 5 K after cooling the samples in zero-ﬁeld (ZFC, dotted line) and in
presence of a 5 T magnetic ﬁeld (FC, solid line). The ZFC curves for samples from glacial and interglacial intervals (106.177, 105.557, 103.3 and 102.22 mcd) are higher than the
respective FC curves. In contrast the ZFC curves from the MSMZ (104.782 and 104.657 mcd) are lower than FC curves pointing to magnetite particles of smaller average grain-sizes.
These results may appear surprising in context with the postulated diagenetic dissolution, which in particular affects small particles due to their high surface-to-volume ratio.
Beyond, stoichiometric magnetite is most heavily affected by diagenetic dissolution (Garming et al., 2005). The following scenario may explain this issue: We assume an input of
nearly constant composition with respect to the para- and ferrimagnetic constituents during both glacial and interglacial times, since our measurements prove that magnetite of
variable grain-size is present in all samples investigated without evidence for signiﬁcant amounts of other magnetic minerals. Changes in the paramagnetic fraction, large enough to
explain the drastic changes in the magnetic susceptibility record, are not likely since only the non-paramagnetic magnetic susceptibility shows distinctly reduced values within the
MSMZ whereas paramagnetic susceptibility (as calculated from the linear slope of the hysteresis loops at high magnetic ﬁelds) exhibits only very minor variations (Fig. 4). Thus, the
decreased overall magnetic susceptibility is basically caused by a diagenetic potential within the MSMZ sufﬁcient to dissolve small as well as large magnetite grains. The remaining
(normally less resistant) small particles in the MSMZ must have been protected from dissolution.
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Fig. 13.Magnetic hysteresis loop of samples in a peak ﬁeld of 7 T. For the sake of clarity only the interval from−1 to +1 T ﬁeld is plotted here. Solid line indicates the original loop;
dashed line with dots represents the same data corrected for the linear contribution (dashed lines) of paramagnetic susceptibility. A typical property of greigite is its high ratio of
MRS/MS at about 0.5 or even higher whereas mixtures of natural magnetite demonstrate values ranging from 0.1 to 0.25 as, e.g., Sagnotti et al. (2001) had found for Late Pleistocene
Drift 7 sediments. The results of six samples lie between 0.01 and 0.12 representing magnetite particles of pseudo-single-domain to multi-domain grain size with no indication for
the presence of greigite.
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